La 0.7 Sr 0.3 MnO 3 (LSMO) nanoparticles were synthesized by a polyacrylamide gel route. LSMO-graphene nanocomposites were fabricated by mixing LSMO nanoparticles and graphene into absolute ethanol solution followed by thermal drying. SEM observation shows that the synthesized LSMO nanoparticles are uniformly and regularly shaped like spheres with an average size of ³24 nm. TEM observation reveals that LSMO nanoparticles are well assembled onto graphene sheets. The photocatalytic activity of prepared samples was evaluated by degrading methyl red (MR) under visible-light irradiation. It is demonstrated that LSMO-graphene nanocomposites exhibit an enhanced photocatalytic activity compared to bare LSMO nanoparticles. This can be explained by the fact that the photogenerated electrons are captured by graphene, leading to an increased availability of holes for the photocatalytic reaction. The direct hole oxidation is suggested to be the main mechanism toward the dye degradation.
Introduction
Recently, with the ever-increasing environment pollution, semiconductor-based photocatalysis, which is regarded to be a green technology, has sparked a growing interest in applications for decomposition of organic pollutants. TiO 2 is one of the most popular photocatalysts, exhibiting powerful capabilities for photo-degrading all types of organic pollutants completely into harmless inorganic substances like CO 2 and H 2 O. 13) However, TiO 2 has a wide bandgap energy of ³3.2 eV and can only respond to ultraviolet radiation at wavelengths below 390 nm. Since visible light accounts for a fairly large fraction (³45%) of the sun's energy compared to ultraviolet light (³5%), it is desirable to develop photocatalysts that can be excited by visible light ( > 400 nm) in the solar spectrum.
Perovskite manganites are famously known as an important class of functional materials exhibiting a rich variety of magnetic and electric properties, such as colossal magnetoresistance, electric-pulse-induced reversible resistance, magnetocaloric effect, perfect spin polarization, and charge/ orbital ordering. 47) La 1¹x Sr x MnO 3 is one of the outstanding perovskite manganites, and its physical properties depend highly on the doping content x. 8) This manganite has a bandgap energy (e.g., La 0.7 Sr 0.3 MnO 3 has a bandgap energy of ³1.0 eV 9) ) much smaller than that of TiO 2 and offers the advantage of being capable of absorbing visible light. However, there has been little attention paid to its photocatalytic properties.
The photocatalytic activity of semiconductors depends on numerous factors. Promoting the separation of photogenerated electronhole (e ¹ h + ) pairs effectively is the key point to achieve a good photocatalytic activity of semiconductors. Graphene, being a two-dimensional (2D) sheet of sp 2 -hybridized carbon atoms, exhibits numerous excellent physical and chemical properties like high electrical conductivity, electron mobility, thermal conductivity, mechanical strength, chemical stability, etc.
1012) Recently, graphene has been frequently used as a support to composite with photocatalysts aiming at promoting the separation of photogenerated e ¹ h + pairs and hence improving their photocatalytic performances.
1318) It is expected that, when catalyst particles are assembled onto graphene sheets, the electrons generated in the irradiated catalyst particles are readily captured by graphene, leaving behind the holes on the catalyst surface. As a consequence, photogenerated holes are increasingly available to participate in photocatalytic reactions. In this work, La 0.7 Sr 0.3 MnO 3 (LSMO) nanoparticles and LSMO-graphene nanocomposites were prepared. The photocatalytic activity of prepared samples was evaluated by degrading methyl red (MR) under visible-light irradiation, and the photocatalytic mechanism involved was discussed.
Experimental
La 0.7 Sr 0.3 MnO 3 nanoparticles were synthesized via a polyacrylamide gel route. In terms of the atomic ratio n(La) : n(Sr) : n(Mn) = 7 : 3 : 10, stoichiometric amounts of La 2 O 3 , SrNO 3 and C 4 H 6 MnO 4 ·4H 2 O were dissolved in 80 mL aqueous solution of nitric acid. Then to the solution were successively added citric acid (in the molar ratio 1.5 : 1 with respect to the cations), glucose (about 20 g), and acrylamide monomer (in the molar ratio 9 : 1 with respect to the cations). Every step mentioned above was accompanied by a constant magnetic stirring to make the additives dissolve fully. The mixed solution was filled up to 100 mL by adding distilled water and adjusted to a pH of ³2 with aqueous ammonia. The resultant solution was heated at 80°C to initiate the polymerization reaction, and a few minutes later a viscous polyacrylamide gel was formed. The gel was dried at 120°C for 24 h in a thermostat drier. The obtained xerogel was ground into powder and submitted to calcination at 600°C for 10 h, finally yielding LSMO nanoparticles. To assemble LSMO nanoparticles on graphene, an amount of LSMO nanoparticles and graphene were dispersed into absolute ethanol solution and ultrasonically treated for 10 min. The obtained mixture was dried at 60°C for 10 h in a thermostat drier, during which ethanol was vaporized, leaving behind LSMO nanoparticles well anchored on graphene nanosheets. By changing the graphene content, several LSMO-graphene composite samples with graphene weight fraction of 6, 8, 10 and 12% were prepared.
The phase purity of prepared LSMO particles was examined by X-ray diffraction (XRD) using Cu K¡ radiation. The morphology and microstructure of the samples were investigated by field-emission scanning electron microscope (SEM) and field-emission transmission electron microscope (TEM).
The photocatalytic activity of the LSMO-graphene nanocomposites was evaluated by the degradation of MR under irradiation of a 25 W halogen tungsten lamp (wavelength range: 400750 nm). Methyl red was dissolved in absolute ethanol to make a 5 mg L ¹1 MR solution. The catalyst loading was 0.5 g L
¹1
. Before illumination, the mixed solution was mildly stirred for 1 h in the dark in order to reach the adsorptiondesorption equilibrium of MR on the catalyst. The concentration of MR after photocatalytic degradation was determined by measuring the absorbance of the solution at a fixed wavelength of 500 nm using an ultravioletvisible spectrophotometer. Before the absorbance measurements, the reaction solution was centrifuged for 10 min at 3000 r/min to remove the catalyst. Figure 1 shows the XRD pattern of prepared LSMO particles. It is seen that all the diffraction peaks can be indexed to the rhombohedral perovskite structure (space group: R 3c) with no traces of secondary phase. The average grain size of the sample is quantitatively evaluated, from the line broadening of the (024) peak using DebyeScherrer formula, to be 22 nm. Figure 2(a) shows the SEM image of LSMO particles, revealing that the particles are nearly spherical in shape with a size distribution majorly focusing on a range of 1927 nm. The average particle size is ³24 nm, which is in good agreement with the result derived from the XRD data. Figure 2(b) shows the TEM image of pure graphene, revealing a typical 2D sheet structure of graphene with slightly wrinkled feature. Figure 2(c) displays the TEM image of LSMO-graphene(10%) nanocomposite, from which LSMO nanoparticles are seen to be assembled onto the graphene sheet. Figures 2(d) and 2(e) give the selected area electron diffraction (SAED) patterns of pure graphene and LSMO-graphene nanocomposite. No diffraction spots are visible for pure graphene because only three-dimension (3D) long-range ordered crystals can produce diffraction spots in SAED pattern. The SAED pattern taken from the composite presents clearly polycrystalline diffraction rings, and all of them can be indexed in terms of the LSMO rhombohedral phase. This indicates that LSMO particles remain in singlephase perovskite structure without undergoing structural change. Figure 2 (f ) shows an energy dispersive analysis of X-ray (EDX) spectrum of the composite, giving support to the fact that, from a chemical composition point of view, LSMO nanoparticles are assembled onto the graphene sheet. Figure 3 shows the photocatalytic degradation of MR over LSMO-graphene nanocomposites as a function of irradiation time (t). C 0 and C t are the dye concentration after 1 h of adsorption process (without irradiation) and the dye concentration after irradiation for time t, respectively. The blank experiment result without catalyst is also shown in Fig. 3 , from which one can see that the dye exhibits good stability under visible-light irradiation, and its degradation percentage is less than 1% after 6 h of exposure. The photocatalytic results show that LSMO-graphene nanocomposites exhibit a pronounced photocatalytic activity for the dye degradation. For bare LSMO nanoparticles, about 37% of the dye is observed to be degraded after irradiation for 6 h. When LSMO nanoparticles assembled on graphene, the photocatalytic activity of resulted LSMO-graphene nanocomposites is enhanced and exhibits an increasing trend with increasing the graphene content. The highest photocatalytic activity is observed at 10% graphene loading, and the percentage degradation of the dye reaches ³53% after 6 h irradiation. Further increasing the graphene content, however, the photocatalytic efficiency begins to exhibit a decreasing trend. Figure 4 schematically shows the photocatalytic mechanism of LSMO-graphene photocatalyst toward the degradation of MR. When LSMO is irradiated with light energy greater than its bandgap energy, electrons are excited from the valence band (VB) to the conduction band (CB), thus creating e ¹ h + pairs. Generally, the photogenerated h + and the hydroxyl (•OH) radicals derived by the reaction of h + with other chemical species are thought to be the dominant active species responsible for the dye degradation. 19) Therefore, the effective separation of e ¹ h + pairs and increased availability of h + is the key point to improve the photocatalytic activity of the photocatalyst. For bare LSMO nanoparticles, the CB electrons tend to decay into the VB, resulting in a relatively high recombination rate of e ¹ h + pairs. When LSMO nanoparticles assembled on graphene that is an excellent electron acceptor and conductor, the photogenerated electrons are readily captured by graphene, leading to an increased availability of h + for the photocatalytic reaction. As a result, with the introduction of an amount of graphene, the resulted LSMO-graphene nanocomposites exhibit an improved photocatalytic activity compared to bare LSMO nanoparticles. On the other hand, with increasing the graphene content, the light transparency of the solution becomes decreasing, thus reducing the photon absorption on LSMO particles, and moreover the amount of available surface active sites tends to be reduced due to an increasing coverage of graphene onto the surface of LSMO particles. This is why when the graphene content is increased to some extent (here about 10%), the photocatalytic efficiency begins to exhibit a decreasing trend.
Results and Discussion
To further understand the photocatalytic mechanism of LSMO, it is required to obtain its CB and VB edge potentials. The VB potential of a semiconductor can be calculated using the following relation. 20 )
where X is the absolute electronegativity of the semiconductor (defined as the arithmetic mean of the electron affinity and the first ionization of the constituent atoms 21) ), E e is the energy of free electrons on the hydrogen scale (³4.5 eV), and E g is the bandgap energy of the semiconductor (1.0 eV for LSMO nanoparticles). The value of X for LSMO is estimated to be 5.25 eV according to the data reported in literature. 22, 23) Thus, the VB potential of LSMO is calculated to be +1. 25 Visible-Light Photocatalysis of LSMO-Graphene Nanocomposites toward Degradation of Methyl Redproduced, they are expected to be captured immediately by the ethanol molecules since ethanol is an excellent •OH trapping agent. 25) This suggests that the •OH radical attack can be reasonably excluded for the MR degradation. The direct h + oxidation is therefore suggested to be the main mechanism causing the MR degradation in the present photocatalysis system.
Conclusions
Sphere-like LSMO nanoparticles with an average size of ³24 nm were prepared via a polyacrylamide gel method. LSMO-graphene nanocomposites were fabricated by mixing LSMO nanoparticles and graphene into ethanol followed by thermal drying at 60°C. For the composites, LSMO nanoparticles are seen to be well anchored on graphene sheets. Compared to bare LSMO nanoparticles, LSMO-graphene nanocomposites exhibit an enhanced photocatalytic activity for the degradation of MR under visible-light irradiation. The direct oxidation by the photogenerated holes is suggested to be the main mechanism responsible for the dye degradation.
